Saccharomyces cerevisiae is a species of yeast that produces ethanol and is commonly used for ethanol fuel production from biomass resources and in brewing industries. Although it is a traditional ethanol-producing microbe, it is also sensitive to high concentrations of ethanol, and the accumulation of ethanol in a medium inhibits cell growth and viability [2] . Therefore, the ethanol tolerance of S. cerevisiae, which is closely related to ethanol productivity, is an important factor in industrial ethanol production. Indeed, many researchers are investigating ways of increasing ethanol productivity, and one approach is the improvement of microbial strains used in fermentation [14] . However, ethanol tolerance is associated with the interplay among complex networks at the genomic level. Therefore, the use of genetic engineering to improve the ethanol tolerance of S. cerevisiae is limited by our lack of knowledge, and the mechanism of ethanol tolerance still remains unclear [6] .
Most of the approaches for ethanol tolerance improvement are focused on the isolation of ethanol-sensitive mutants based on mutagenesis and/or screening of ethanol tolerancerelated genes by non-essential gene deletion and DNA microarray analysis [4, 8, 18, 19] . Global transcription machinery engineering was also used to generate ethanoltolerant S. cerevisiae strains, which were subsequently isolated via serial transfer in ethanol-containing medium [1] . Although the high-level expression or deletion of several ethanol stress-responsive genes confers ethanol tolerance to yeast, it is not always productive. Inoue et al. [7] isolated ethanol-sensitive mutants from sake yeast and identified one gene governing this sensitivity; however, overexpression of that gene did not enhance the ethanol tolerance.
Genome reconstruction refers to the application of chromosome splitting technology for creating a variety of yeast cells with diverse genome compositions. This method begins with the splitting of chromosomes into many minichromosomes via PCR-mediated chromosome splitting (PCS), with the splitting site chosen based on specific *Corresponding author Phone: +82-51-890-2281; Fax: +82-51-890-2632; E-mail: yeonheekim@deu.ac.kr experimental goals [15] . PCS is a simple but highly efficient method originally developed to split natural yeast chromosomes. This method combines a streamlined procedure (two-step PCR and one transformation per splitting event) with the Cre/loxP site-specific recombination system for marker rescue [5] . The mini-chromosomes are unstable and are lost at high frequency during cell division [11, 17] . Therefore, if multiple mini-chromosomes could be generated in a single strain by splitting natural chromosomes, then it should be possible to create a variety of chromosomal compositions by exploiting this instability during mitotic growth. This method was described in detail by Sugiyama et al. [16] .
This paper describes the creation of an ethanol-tolerant S. cerevisiae strain using genome reconstruction. We used a special strain, which has 31 chromosomes containing 12 artificial mini-chromosomes, as the master strain for breeding an ethanol-tolerant yeast strain under different ethanol concentrations. This genome reconstruction breeding strategy is an efficient alternative approach to the classic method of generating an optimal combination of beneficial mutations through multiple sequential rounds of mutation.
MATERIALS AND METHODS

Yeast Strain and Media
The yeast master strain used in this study was S. cerevisiae SH6310 (MATa ura3-52 his3∆200 leu2∆1 lys2∆202 trp1∆63 CgLEU2) derived from FY833 (MATa ura3-52 his3∆200 leu2∆1 lys2∆202 trp1∆63), a haploid laboratory strain [21] . The SH6310 strain harbors 31 chromosomes containing 12 artificial mini-chromosomes and was constructed using a repeated PCS method. YPD (10 g yeast extract, 20 g bacto-peptone, 20 g/l glucose, and for solid medium, 18 g agar) and YPDE (YPD containing ethanol) media were used to grow the yeast cells and to select for ethanol-tolerant yeast cells, respectively.
Isolation of the Ethanol-Tolerant Yeast Strain
The SH6310 strain was continually cultured in YPD medium, with gradually increasing ethanol concentrations (6% to 10%), at 30 o C for 33 days. After culture, the cells were spread on YPD plates and well-grown colonies were selected.
Investigation of Ethanol Tolerance and Specific Growth Rate
The yeast strains were cultivated in YPD medium to an OD 600 of 1 and 3 µl each of 10-fold serial dilutions was spotted on YPD and YPDE media containing 5% to 10% ethanol. Plates were incubated at 30 o C for 2-4 days. To measure the specific growth rate, cells were precultured in YPD liquid medium at 30 o C overnight and an aliquot of each overnight culture was inoculated into fresh YPD liquid medium containing 0%, 6%, and 8% ethanol and grown at 30 o C for 3 days. Growth was assessed by monitoring the optical density of the culture at 600 nm.
Karyotype Analysis by Pulsed-Field Gel Electrophoresis (PFGE)
After overnight cultivation in 5 ml of YPD medium, chromosomal DNA from S. cerevisiae FY833, SH6310, and ETY1 embedded in agarose plugs was prepared as described by Sheehan and Weiss [12] with minor modifications. Chromosomal DNA was separated on a 1% agarose gel (pulsed-field certified agarose; Bio-Rad Laboratories, Richmond, CA, USA) using a CHEF-DRIII system (Bio-Rad Laboratories) in 0.5× TBE buffer at 14 o C. CHEF gel electrophoresis was performed for 15 h at 6.0 V/cm with switching intervals of 60 s, followed by 9 h at 6.0 V/cm with switching intervals of 90 s. Following electrophoresis, the gel was stained in 0.5 µg/ml ethidium bromide and photographed under UV light. The presence of minichromosomes was confirmed by comparing the size of the bands with those of the chromosomes from S. cerevisiae SH6310 and ETY1 with lambda DNA/HindIII as a standard marker.
Mini-Chromosome Confirmation by Southern Hybridization and PCR
For Southern hybridization, DNA was transferred onto Hybond N + membranes (Amersham Biosciences, Piscataway, NJ, USA) by capillary blotting, and the membranes were hybridized with probes generated by PCR using specific primer pairs. Probe DNA was labeled using the ECL Direct Nucleic Acid Labeling and Detection system (Amersham Biosciences, Buckinghamshire, UK). Hybridization, washing, and detection were performed using the ECL system according to the manufacturer's instructions (Amersham Biosciences).
Yeast genomic DNA from SH6310, ETY1, and ETY1-3 was prepared using the DNA miniprep method [3] and used as a PCR template. The oligonucleotides used are listed in Table 1 Table 1 . Oligonucleotides used in this study.
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RESULTS AND DISCUSSION
Construction of SH6310 as the Master Strain Seven natural yeast chromosomes (Chr. I, II, III, VIII, XI, XIV, and XV) of S. cerevisiae FY833 were split using the PCS method in order to construct a master strain [15] . Candidate regions to be split were selected on a physical map using software for the prediction of a deletable region (http://www.gbpr.rise.hiroshima-u.ac.jp/index-en.php) [10] . Split regions were selected based on considerations for phenomena such as sensitivity to starvation, chromosome instability, and synthetic lethal combination that can occur as a result of mini-chromosome loss. The split loci are listed in Table 2 and the numerals indicate the sequence coordinates of the splitting sites based on the datasets in the Saccharomyces Genome Database (SGD) (http:// www.yeastgenome.org/). We constructed the SH6310 master strain harboring 12 nonessential mini-chromosomes by 15 th round splitting steps (Fig. 1) . The mini-chromosomes were stably maintained for a while, but the SH6310 strain exhibited a slower growth rate relative to the parent strain, FY833. Widianto et al. [20] reported that the growth rates of haploid strains with 17, 18, 19, 20, and 21 chromosomes were indistinguishable from that of a wild-type haploid with 16 chromosomes. Our findings suggest that an approximately 2-fold increase in the number of chromosomes (31 chromosomes) compared with natural yeast decreases cell growth.
Isolation of Ethanol-Tolerant Strains
The SH6310 strain was cultivated in YPDE (6% to 10% ethanol) medium to induce mini-chromosome loss under ethanol stress. Cells from the stationary-phase culture were harvested and spread on YPD plates containing 10% ethanol. We selected one colony from among the colonies exhibiting the most rapid growth on YPD plates containing 10% ethanol, henceforth called strain ETY1. Subsequently, the ETY1 strain was continually cultured in YPDE (11% ethanol) medium and six colonies were also isolated, henceforth called strains ETY1-1 to ETY1-6 and collectively, ETY strains, with "ETY" meaning "ethanol-tolerant yeast." We examined ethanol tolerance for each ETY strain that had lost a mini-chromosome by genome reconstruction in YPDE (5% to 10% ethanol) medium. The parent SH6310 grew slightly on YPD containing 6% ethanol, but could not grow on YPD containing 8% or 10% ethanol (Fig. 2) . In contrast, the ETY strains were able to grow in the presence of 10% ethanol, suggesting that the ethanol tolerance was increased in the ETY strains compared with the parent strain. Next, the ETY1 and ETY1-3 strains were selected and their growth rates in liquid YPD medium containing 0%, 6%, and 8% ethanol were analyzed. As shown in Fig. 3A , the growth pattern in the absence of ethanol was similar between the ETY strains and SH6310. However, the ETY strains grew drastically better than SH6310 in the presence of ethanol. In the presence of 6% and 8% ethanol, the cell optical density and specific growth rate (µ) of the ETY strains had increased by 2-fold and greater than 10-fold, respectively, compared with the parent (Fig. 3B and 3C , and Table 3 ). These results indicate that the ETY strains had acquired a tolerance for high concentrations of ethanol. Although the ethanol tolerance of the ETY strain was not superior to current commercial yeast, the parent strain showed a considerable increase in ethanol tolerance through genome reconstruction.
Confirmation of Mini-Chromosome Loss in ETY Strains
The ETY strains showed increased ethanol tolerance compared with the SH6310 host strain. Therefore, the effect of mini-chromosome loss on ethanol tolerance was investigated. Genomic DNAs from SH6310 and ETY1 were extracted and used as template for PCR. CNE1-1 and Fig. 1 . S. cerevisiae SH6310 with a total 31 chromosomes containing 12 mini-chromosomes.
The black and gray bars indicate mini-chromosomes and split-natural chromosomes, respectively. The numbers are the mini-chromosome numbers.
YEAST STRAIN BREEDING BY GENOME RECONSTRUCTION 187 CNE1-2, AST1-1 and AST1-2, SWH1-1 and SWH1-2, YOL164W-1 and YOL164W-2, SER1-1 and SER1-2, PHR1-1 and PHR1-2, CTP1-1 and CTP1-2, MAK32-1 and MAK32-2, YKR100C-1 and YKR100C-2, YNR068C-1 and YNR068C-2, YKL218C-1 and YKL218C-2, and COS8-1 and COS8-2 primer pairs were used to amplify portions of mini-chromosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12, respectively. The primer sequences are shown in Table 1 . All but the YKL218C and COS8 genes (Fig. 4A , lane 23 and lane 25) on the mini-chromosomes were PCRamplified. The FY833, SH6310, and ETY1 strains were further analyzed for karyotype by CHEF gel electrophoresis, and Southern hybridization analysis was performed using YKL218C (0.91 kb) and COS8 (0.7 kb) genes as probes. The YKL218C probe hybridized with chromosome XIV in FY833 and mini-chromosome 11 in SH6310 (Fig. 4B , lane 2 and lane 3), and the COS8 probe hybridized with chromosome VIII in FY833 and mini-chromosome 12 in SH6310 (Fig. 4C , lane 2 and lane 3). Mini-chromosomes 11 and 12 were not detected in the ETY1 strain ( Fig. 4B and 4C, lane 4), which corroborates the results of PCR analysis, indicating that mini-chromosomes 11 and 12 were lost in the ETY1 strain as a result of genome reconstruction.
Analysis of Ethanol Tolerance-Related Genes in the ETY1 Strain
To investigate the ethanol tolerance-related genes in the ETY1 strain, we analyzed the genes on mini-chromosomes 11 and 12. Mini-chromosome 11 has the following ten genes: YKL225W, PAU16, YKL223W, YKL222C, MCH2, FRE2, COS9, SRY1, JEN1, and URA1. The genes on minichromosome 12 were YHL0050C, YKL050W-A, YHL049C, Fig. 2 . Screening of ethanol-resistant strains derived from the SH6310 strain.
The SH6310, ETY1, ETY1-1, ETY1-2, ETY1-3, ETY1-4, ETY1-5, and ETY1-6 strains were grown to OD 600 =1.0 in YPD. Aliquots of 10-fold serially diluted cell suspensions from each strain were spotted onto YPD and YPD containing 5% to 10% ethanol (YPDE) plates. YHL048C-A, COS8, YHLComega1, ARN2, YHL046W-A, PAU13, YHL045W, YHL044W, ECM34, YHL042W, YHL041W, and ARN1. These 25 genes were classified into six groups according to the presumed function of the gene product based on information from the SGD (Saccharomyces genome database) ( Table 4 ). The function of most genes was unknown. Although these genes were uncharacterized, we assume that these genes are related to ethanol tolerance, and further study is required to confirm this assumption.
In this study, we employed the genome reconstruction method based on chromosome splitting technology in the yeast, S. cerevisiae. This method provides a new tool for breeding novel ethanol-tolerant yeast strains and screening of ethanol-tolerant genes. We believe that this method for generating genetic diversity, along with recently developed whole-cell engineering approaches such as global transcriptional machinery engineering [1] , genome shuffling [13] , and directed evolutionary engineering [9] , will contribute to Table 4 . Genes on mini-chromosomes 11 and 12 that are related to ethanol tolerance.
Classification (No. of genes)
Gene names
Mini-chromosome 11
Biosynthesis (2) SRY1, URA1
Transcription (1) FRE2
Transporter (2) MCH2, JEN1
Unknown function (5) YKL222C, YKL225W, PAU16, KL223W, COS9
Mini-chromosome 12
Cell cycle (2) YHL050C, YHLComega1
Morphogenesis (1) COS8
Transporter (2) ARN1, ARN2
Unknown function (11) YHL041W, YHL042W, ECM34, YHL044W, YHL045W, PAU13, YHL046W-A, YHL048C-A, YHL049C, YHL050W-A the expansion of strain improvement platforms in the fields of applied microbiology and biotechnology.
